and will likely provide great insight into the initiating processes of the Aβ misfolding, oligomerisation and amyloid formation.
Introduction:
Progressive neurodegeneration associated with deposits of aggregated amyloid β peptide (Aβ) in plaques in the brain is the hallmark of Alzheimer's disease (AD).
The condition, which poses a major public health burden in all aging populations, is characterised by an individually variable decline in cognitive function and selective neuronal atrophy accompanied by loss of cortical volume in areas involved in learning and memory. While there is a weak correlation between plaque load in the brains of human subjects and animal models and the rate of cognitive impairment, 1 mounting evidence suggests that amyloid fibrils themselves are non-toxic endproducts, 2 which may represent an equilibrium sink for toxic intermediates.
Consequently, there has been increasing interest in soluble oligomers of Aβ that seem to be particularly toxic [3] [4] [5] [6] [7] . Unfortunately, synthetic Aβ is very responsive to in vitro environmental conditions. Accordingly, very large ranges of toxic oligomeric preparations have been reported, including amyloid derived, diffusible ligands (ADDLS), globulomers and amylospheroids (for review see Teplow et al 8 ) This wide range of species has complicated the elucidation of their significance in AD pathogenesis 9 .
One factor that significantly influences Aß aggregation is the presence of ions of transition metals, particularly copper and zinc. These ions can significantly affect the formation of both oligomers and amyloid fibrils in vitro. In addition, there is some evidence that metal dyshomeostasis in the ageing brain may contribute to the development of AD, with extra-cellular copper pools being regarded as a potentially critical factor in the development of the disease 10 .
Some studies have shown Cu 2+ at sub-equimolar metal ion/peptide ratios can induce the aggregation of Aβ into Thioflavin T (ThT) positive fibrils, while at supraequimolar ratios non-fibrillar oligomers are formed that have been shown to be toxic to neuronal cells in culture [11] [12] [13] . Other studies have found that both sub and supramolecular Cu 2+ /peptide led to the ThT-negative species, implying the absence of cross-β-sheet structures 14, 15 . This dichotomy is intriguing, and may have its basis in the method of preparation of Aβ, which can vary significantly, and can result in dramatically different biophysical properties of the peptide (for example see Ryan et al. 16 ).
However, little is known about the structural differences between the oligomers and fibrils that might account for these differences in toxicity. Transmission electron microscopy showed Aβ . In another study using transmission electron microscopy and atomic force microscopy granular structures were found with Aβ in the presence of supraequimolar Cu 2+ 12 , while at supra-equimolar Cu 2+ Aβ formed thin ribbon-like structures that resemble amyloid fibres 12, 17 . The molecular basis for these alternate morphologies is elusive, and warrants further investigation to determine the basis for the disparate toxicity levels.
Small-angle X-ray scattering (SAXS) is a widely used low-resolution technique for structural characterisation of proteins in solution 18 . . ). This was diluted fivefold with a buffer consisting of 10 mM sodium phosphate, 150 mM NaCl at pH 7.4, followed by sonication with a probe at 0.5 s intervals for 1 min at 30% power. The solution was then centrifuged in a benchtop centrifuge at 13,000 rpm for 20 min.
Materials and methods

Aß preparation.
Previously, we have observed that Aβ 1-42 peptides in the absence of copper aggregate relatively rapidly, resulting in a solution that is polydisperse, and hence not appropriate for SAXS measurements. Thus, a custom, in-line rapid mixing device was developed to monitor Aβ refolding directly after buffer neutralisation. Scattering 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript 
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Analysis of SAXS data
All patterns obtained were reduced to one-dimensional profiles of intensity I versus q using the Saxs15id software package 22 . Individual frame profiles were inspected to ensure that there were no outliers and that those from the initial exposures were (online at www.embl-hamburg.de/biosaxs/atsas-online/dammif.php) to build ab initio models of the protein shapes by simulated annealing. DAMMIF was run 20 times on the same input data and the output models were aligned and averaged using DAMAVER. Molecular dimensions were estimated using HYPERCHEM ® and final illustrations were prepared with RasMol 2.7.4.
Where scattering indicated a fully flexible protein, ensemble optimisation modelling (EOM) was employed 31 . This approach is based on the generation of a large pool (typically10,000) of theoretical structures derived with side-chain interaction constraints from the primary sequence of the protein. The theoretical X-ray scattering profiles calculated from these structures are then matched for fit using a genetic algorithm against the experimental scattering profile to create an ensemble of best fit structures. The parameters of these selected structural give a distribution for the best fits for R g and D max , which can be used to determine variations in flexibility and conformation. 
Results
Rapid addition of Aβ 1-40 and Aβ 1-42 to non-Cu 2+ containing buffer leads to rapid development of polydispersity
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Studies of the initial conformation of Aβ  are essential for understanding its interactions with metal ions, and in understanding the changes that these metal ions induce in its structure. Unfortunately, the high propensity of Aβ to aggregate at any appreciable concentration makes obtaining these data difficult. To investigate the earliest stages of Aβ refolding, we used the custom in-line rapid mixing device to acquire data at 1.2 second intervals for Aβ refolded into PBS buffer from 15mM KOH ( Fig. 1 A & B) , to a final concentration of 1mg/mL. Both Aβ (Fig. 1A) and for Aβ (Fig. 1F ) reflects a slightly greater proportion of extended compact conformers than the distribution for Aβ (Fig.1H ). Yang and Teplow 33 performed µsec time-scale replica exchange molecular dynamics simulations to sample the Table 1 ). The closeness of the Guinier R g and that obtained from the P(r) calculation (Table 1 ) also supported the suggestion of monodispersity 32 .
Porod and MULCh analysis provided values of 47±3 kDa and 51±1kDa, respectively.
These results indicate that Aβ 1-40 in supra-stoichiometric concentrations of copper forms a relatively stable large oligomer.
SAXS profiles of Aβ 1-42 equilibrated with sub and supra-equimolar Cu 2 +
In contrast to Aβ 1-40 , Aβ 1-42 is monodisperse in the presence of both supra (profile i) and sub (profile ii) stoichiometric concentrations of Cu 2+ (Fig. 3A) . However, the scattering data indicates that Aβ 1-42 has two very distinct conformations in the varying concentrations of Cu
2+
. Kratky analysis indicates that these two profiles represent globular structures (Fig. 3B) , while evaluation of the particle distance distribution function (P(r)) with GNOM ( Fig.3C ) and Guinier analysis (Fig. 3D) indicated that the /Aβ illustrates that this procedure is not necessarily infallible.
In another approach, ab initio models were reconstructed from the experimental scattering data for each of the three monodisperse samples using the bead modelling program DAMMIF 34 . Clustering analysis based upon the normalised spatial 
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discrepancies between input models was conducted to assess the similarity of the reconstructions, where the closer the distance between two pairs of models the more closely they resemble each other. The small relative distances between clusters are given in Table 2 indicate that the ab initio reconstructions for each sample are robust.
It is likely that the poor fit of the 1. Although the depicted shapes are reasonable solutions for modelling from the mathematical point of view, it is desirable to seek confirmation from independent data, which are usually crystallographic or NMR derived models of the oligomer subunits. Monomeric Aβ in solution, however, is intrinsically unstructured, molecular dynamics simulation showing it to populate a range of conformations 35, 36 . This is confirmed in our EOM analysis of the scattering data from the rapid mixing experiment where at physiological pH and ionic strength both peptides rapidly assumed an unstructured conformation before aggregating. However, the Kratky plots generated from the SAXS data of the Cu 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript dependent on the Cu 2+ /peptide ratio, we would expect the known Cu 2+ coordination sites, at the N-terminal end of the peptides, to be involved in their formation [37] [38] [39] [40] . At the C-terminal half of the peptide there are the two zipper sequences; the Gly-XXXGly-XXX-Gly motif that has been proposed to mediate the formation of toxic oligomers 41 and the C-terminal sequence starting at M35 
Discussion:
The Aβ peptides are cleaved from the amyloid-β protein precursor (APP) by the two proteases, β-and γ-secretase. Studies in transgenic mice and cell and hippocampal slice cultures show that Aβ oligomers modulate both pre-and postsynaptic structures and functions in a dose-and assembly-dependent manner. A major task for the study of the biophysics of Aβ peptides is to relate in vitro observations of their modes of 45, 46 have been carried out on fibrillar structures in the presence of Cu, using magic angle spinning, and on Aβ in structure promoting environments 47 , while ion mobility coupled with mass spectrometry has been used to characterise different oligomer states of Aβ and Aβ in the absence of Cu 48 . They have made a very significant contribution to our understanding of the structural relationships between the peptides forming amyloids, but typically provide information on events that occur late in the aggregation pathway.
Our findings on the effect of Cu 2+ on Aβ folding agree broadly with what is already known of the effect of Cu 2+ concentration on the polymerisation of Aβ. Smith et al. 11 found that at sub-equimolar Cu 2+ /peptide molar ratios Aβ 1-42 formed thioflavin-T reactive non toxic fibrils, however at supra-equimolar Cu 2+ /peptide molar ratios it formed toxic oligomers. Transmission electron microscopy showed these to be approximately 10-20 nm in diameter and associated with large amorphous aggregates.
Jin et al. 12 found that the only significant effect on Aβ 1-40 of equimolar Cu 2+ /peptide was to produce thin (proto) fibrils as observed by TEM and AFM. However Aβ showed increased aggregation in the presence of Cu 2+ , which induced granular aggregates and enhanced Aβ1-42's cytotoxicity. The structure obtained in our SAXS 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Metallomics Accepted Manuscript studies of the supra-equimolar Cu 2+ /Aβ 1-42 was somewhat smaller in diameter (Fig.   5C ) and consistent with a monodisperse solution of oligomeric discoidal/ellipsoidal particles. It is highly likely that these differences are also due to differences in the initial aggregation propensity of the different batches of peptide and the method used for their initial solubilisation. Significantly, the 7 nm thickness of the ellipsoid of rotation is compatible with the estimate of 20 nm for the width of the synaptic cleft 49 which is one of the likely sites of Aβ oligomer toxicity 50 .
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Smith et al. 11 showed the presence of dityrosine in the supra-molecular Cu 2+ /Aβ oligomers. Cu 2+ induced formation of di-tyrosine may be a mechanistic cause of the increase in Aβ cytotoxicity observed upon treatment with Cu 
Conclusion:
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We show that sub-equimolecular concentrations of copper ions induce the formation of elongated Aβ structures consistent with protofibrils, while supra-equimolecular concentrations of copper ions induce Aβ to form ellipsoidal oligomers, consistent with postulated toxic oligomeric species that have been observed microscopically.
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